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We discuss in this paper the inﬂuence of the presence of an elevated strike object on the peak of the lightning return stroke current
determined from remote ﬁeld measurements. We develop analytical expressions relating the lightning return stroke channel-base current
and the far electromagnetic ﬁeld for different speciﬁc cases, namely, (1) ground-initiated return strokes (classical transmission line (TL)
model), (2) ground-initiated return strokes including possible reﬂections at ground level, (3) tall strike objects for which the current’s
zero-to-peak time is smaller than the travel time along the object, and (4) electrically short strike objects. It is shown that for tall
structures, the ﬁeld enhancement relative to a return stroke initiated at ground level is expressed through a factor equal to
ktall ¼ ½1þ c=vð1 2rtÞ=ð1 rtÞ, where v and c are the return stroke front speed and the speed of light in vacuum, respectively, and rt is
the top reﬂection coefﬁcient. For very short towers and/or very slow return stroke current wavefronts, when the condition tfbh=c
applies, expressions relating the far electromagnetic ﬁeld and the return stroke current were also derived. For case (2), return strokes
initiated at ground level, the ﬁeld enhancement relative to a return stroke initiated at ground level, case (1), is expressed through a factor
equal to kshort ¼ ð1þ ðc=vÞrch2gÞ=ð1þ rch2gÞ, where rch–g represents the reﬂection coefﬁcient between the lightning channel and the
grounding impedance.
r 2006 Elsevier B.V. All rights reserved.
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The determination of the peak return stroke current
from remotely measured electric or magnetic ﬁelds
considerably facilitates the collection of lightning return
stroke current data without having to instrument towers or
trigger the lightning artiﬁcially, and without the inherent
relative inefﬁciency associated with those methods. This is
especially true nowadays because of the widespread use ofe front matter r 2006 Elsevier B.V. All rights reserved.
stat.2006.09.007
ing author.
ess: farhad.rachidi@epﬂ.ch (F. Rachidi).
ith ABB-Se´cheron, Geneva, Switzerland.lightning location systems. Indeed, such systems are
already used also to provide estimates of lightning current
parameters (e.g. [1–3]).
The theoretical estimation of return stroke currents from
remote electromagnetic ﬁelds depends on the adopted return
stroke model. Based on the transmission line (TL) model,
for an observation point at ground level, the radiated (far)
electric and magnetic ﬁeld peaks produced by a vertical
lightning channel terminated directly at ground are simply
proportional to the channel base current peaks [4]
EfarZ ðr; t þ r=cÞ ¼ 
v
2poc2r
ið0; tÞ, (1)
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v
2pcr
ið0; tÞ, (2)
where i(0, t) is the current at the channel-base, v is the return
stroke speed, and r is the distance from the channel-base to
the observation point. Eqs. (1) and (2) are derived assuming
that the return stroke is initiated at ground.
Recently, experimental data on instrumented towers and
theoretical investigations have shown that the above
expressions are not applicable to lightning strikes to
elevated objects [5–8]. The aim of this paper is to analyze
the relation between lightning currents and distant electro-
magnetic ﬁelds for different speciﬁc cases, namely: ground-initiated return strokes: reference case corre-
sponding to the classical return stroke models; strokes terminating on tall structures, where the current
risetime, tf, is smaller than 2h/c, h being the height of the
structure; strokes terminating on electrically short structures,
where tfbh=c, and, ﬁnally the special case of electrically short structures when
h ¼ 0, in other words ground-initiated strokes but
taking into account possible reﬂections at ground level
(channel-grounding impedance discontinuity).For each case, we will derive expressions relating the
peak value of the far ﬁeld to the peak value of the channel
base current. The analysis is based on the TL model. We
will discuss, however, the generalization of the results to
other engineering models.2. TL model for lightning return strokes extended to include
an elevated strike object
Several engineering return stroke models have been
extended to account for the presence of a tall strike object
in the expressions of the lightning return stroke current
along the channel (e.g. [5,9–15]). In this paper, we will use
the version of the TL return stroke model recently
extended in [16] to include the effect of the elevated strike
object.
Representing the elevated strike object of height h as an
ideal (lossless) transmission line of length h with constant
current reﬂection coefﬁcients rt and rg at its extremities,
the expression for the spatial–temporal distribution of the
current along the strike object and along the channel are
given by [16,17]
iðz; tÞ ¼ 1 rt
 X1
n¼0
rntr
n
gio h; t 
h  z
c
 2nh
c
 
þrnt rnþ1g io h; t 
h þ z
c
 2nh
c
 
; 0pzph,
ð3aÞiðz; tÞ ¼ io h; t 
z  h
v
 
 rtio h; t 
z  h
c
 
þ 1 rt
 
1þ rt
 X1
n¼0
rnþ1g r
n
t

 io h; t 
h þ z
c
 2nh
c
 
; hozoHT, ð3bÞ
where the ‘undisturbed’ current io(h, t) is the idealized
current that would be measured at the tower top if the
current reﬂection coefﬁcients at both its extremities were
equal to zero. Note that Eqs. (1) and (2) can be
equivalently expressed in terms of the short-circuit current
iscðtÞ ¼ 2ioðh; tÞ [20].
HT represents the total height of both the lightning
channel and the elevated strike object.
We will disregard any upward connecting leader and any
reﬂections at the return stroke wavefront, even though it
has been shown in [15] that some features of the radiated
ﬁeld could be attributed to these phenomena.
The bottom reﬂection coefﬁcient for the current in the
tower can be expressed in terms of the characteristic
impedance of the tower Zt and the grounding system
impedance Zg,
rg ¼
Zt  Zg
Zt þ Zg
. (4)
The top reﬂection coefﬁcient for the current in the tower
can be expressed in terms of the characteristic impedance
of the tower Zt and the equivalent impedance of the
lightning return-stroke channel Zch,
rt ¼
Zt  Zch
Zt þ Zch
. (5)
This top reﬂection coefﬁcient can be deﬁned in a similar
manner for currents observed in the channel and, in that
case, Zt and Zch should be interchanged in (5).
3. Radiated electromagnetic ﬁeld
The general expressions for the vertical electric ﬁeld and
the azimuthal magnetic ﬁeld from a vertical antenna above
a perfectly conducting ground, for an observation point at
ground level (see Fig. 2), are given by [18]
Ezðr; tÞ ¼
1
2po
Z H
0
2z2  r2
R5
Z t
R=c
iðz; t R=cÞdt dz
"
þ
Z H
0
2z2  r2
cR4
iðz; t  R=cÞdz

Z H
0
r2
c2R3
qiðz; t  R=cÞ
@t
dz
#
, ð6Þ
Hjðr; tÞ ¼ 1
2p
Z H
0
r
R3
iðz; t  R=cÞdz

þ
Z H
0
r
cR2
qiðz; t  R=cÞ
qt
dz

, ð7Þ
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by the observer, r is the horizontal distance between the
channel and the observation point, and R is the distance
between a single dipole located at a height z above ground
and the observation point R ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2 þ z2
p 
.
Let us consider here only the radiated electric ﬁeld. For
distant observation points, neglecting the static and
induction components of the electric ﬁeld, and considering
R ﬃ r and rbH, the general expression for the electric
ﬁeld [18] for an observation point located at ground level
reduces to
Ezðr; tÞ ﬃ  1
2poc2r
Z H
0
qiðz0; t  r=cÞ
qt
dz0. (8)
Introducing the expressions for the spatial–temporal
distribution of the current in (3a) and (3b) into (8),
and after appropriate mathematical manipulations, we
obtain expression (9) for the radiated (far) electric ﬁeld
[17,19]
Ezðr; t þ r=cÞ ¼ 
v
2poc2r
1þ c
v
1 2rt
 h i
ioðh; tÞ
 1 rt
 
2pocr
X1
n¼0
rg  1
 
rngr
n
t


 io h; t 
ð2n þ 1Þh
c
 
þ 2rnþ1g rnþ1t

io h; t 
2ðn þ 1Þh
c
 
. ð9Þ
Similarly, for the magnetic ﬁeld,
Hjðr; t þ r=cÞ ¼
v
2pcr
1þ c
v
1 2rt
 h i
ioðh; tÞ
þ 1 rt
 
2pr
X1
n¼0
rg  1
 
rngr
n
t


 io h; t 
ð2n þ 1Þh
c
 
þ 2rnþ1g rnþ1t

 io h; t 
2ðn þ 1Þh
c
 
. ð10Þ
Eqs. (9) and (10) represent the general expressions for
the far radiated electric and magnetic ﬁelds in the presence
of an elevated strike object, under the assumptions
introduced in [17,19].4. Relations between return stroke far ﬁelds and currents
4.1. Ground-initiated return strokes
This case corresponds to the classical TL model. Eqs. (1)
and (2) can be rewritten in terms of current and ﬁeld peak
values:
Efarz peak ¼ 
v
2poc2r
Ipeak, (11)H farj peak ¼
v
2pcr
Ipeak. (12)
4.2. Tower-initiated return stroke
Let us call tf the zero-to-peak risetime of the lightning
return stroke current waveform. We will consider two
cases: (1) ‘tall’ structures, for which the round-trip
propagation time from top to bottom within the tower
(2h/c) is greater than the time tf, in which case the current
transmitted into the tower reaches its peak before the
arrival of any ground reﬂections (none of the reﬂections
overlap with it); and, (2) electrically short structures, for
which the round-trip propagation time is much shorter
than the lightning return stroke current wavefront tf; in
which case we can neglect propagation delays along the
tower.
4.2.1. ‘Tall’ strike object (tfo2h/c)
Noting that all terms on the right-hand side of Eqs. (9)
and (10) except for the ﬁrst are zero for times satisfying the
inequality (tfo2h/c), we can write for t ¼ tf,
Efarz ðr; tf þ r=cÞ ¼ 
v
2poc2r
1þ c
v
1 2rt
 h i
ioðh; tf Þ, (13)
H farj ðr; tf þ r=cÞ ¼
v
2pcr
1þ c
v
1 2rt
 h i
ioðh; tf Þ. (14)
Since the current on the right-hand side of Eqs. (13) and
(14) is the ﬁrst peak of the undisturbed current, and the
ﬁelds on the left-hand side are the ﬁrst peak in the far
electric and magnetic ﬁelds, we can write
Ez peak ¼ 
v
2poc2r
1þ c
v
1 2rt
 h i
Io peak, (15)
Hj peak ¼
v
2pcr
1þ c
v
1 2rt
 h i
Io peak, (16)
where Io peak is the ﬁrst peak of the undisturbed current
io(h, t).
It is important to note that the undisturbed current
io(h, t) is different from the actual current pulse injected
from the channel into the tower top. It would be therefore,
more appropriate to express the electromagnetic ﬁeld peaks
as a function of the current transmitted into the tower, for
which experimental data are usually available. To do that,
one needs to express the undisturbed current peak Io peak as
a function of the peak of the current transmitted into the
tower, Ipeak. Under the current conditions of tall towers
(tfoh/c), these two quantities are simply related by
Ipeak ¼ ð1 rtÞIo peak, (17)
where rt is given by (5).
Introducing (17) into (15) and (16), we obtain
Ez peak ¼ 
v
2poc2r
ktallIpeak, (18)
Hj peak ¼
v
2pcr
ktallIpeak, (19)
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ktall ¼
1þ 1 2rt
 
c=v
1 rt
. (20)
Comparing Eqs. (18) and (19) with Eqs. (11) and (12), we
can see that the enhancement effect of the tower can be
quantiﬁed through the factor ktall.
Because of the condition tfo2h/c imposed on the
current, Eqs. (18) and (19) are independent of the
structure’s height h and of the ground reﬂection coefﬁcient
rg.
It is also important to note that, as the grounding
impedance of the tower is generally noticeably smaller than
its own characteristic impedance and since the character-
istic impedance is, in turn, appreciably lower than the
equivalent impedance of the lightning channel (e.g. [20,21]),
the current reﬂection coefﬁcient at the ground rg is positive
and the top reﬂection coefﬁcient rt is negative. Thus, the
factor ktall in Eqs. (19) and (20) is greater than 1, implying
that the presence of the strike object enhances the electric
and magnetic ﬁeld peaks in comparison to return strokes
initiated at ground level (Section 4.1).
Fig. 1 presents the variation of the enhancement factor
ktall as a function of the top reﬂection coefﬁcient and the
return stroke speed.
4.2.2. Electrically short strike object (tfb2h/c)
Let us now consider the special case in which the strike
object is electrically short. This would be the case, for
instance, when lightning is initiated artiﬁcially from short
platforms, or for very long-front pulses. This condition can
be expressed mathematically by, tfb2h/c.0
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Fig. 1. Variation of the enhancement factor for a tall tower as a function
of the top reﬂection coefﬁcient rt and the return stroke speed v.In this case, propagation along the tower can be
neglected and closed-form expressions can be derived for
the spatial–temporal distribution of the current along the
strike object and along the channel.
Neglecting propagation phenomena along the tower
(note that propagation effects in the channel still need to be
taken into account), after straightforward mathematical
manipulations [19], the expressions for the far electric and
magnetic ﬁelds are given by
Efarz r; t þ
r
c
 
ﬃ  v
2poc2r
1þ c
v
rch2g
 
io h; tð Þ

1þ rch2g
 
h
2poc2r
qio h; tð Þ
qt
, ð21Þ
H farj r; t þ
r
c
 
ﬃ v
2pcr
1þ c
v
rch2g
 
io h; tð Þ
þ
1þ rch2g
 
h
2pcr
qio h; tð Þ
qt
, ð22Þ
where rch2g ¼ ðrg  rtÞ=ð1 rgrtÞ.
It is interesting to note that after insertion of the
expressions for rg and rt in terms of impedances,
(rg ¼ ðZt  ZgÞ=ðZt þ ZgÞ and rt ¼ ðZt  ZchÞ=ðZtþ
ZchÞ), rch–g reduces to rch2g ¼ ðZch  ZgÞ=ðZch þ ZgÞ,
which is the reﬂection coefﬁcient at ground level, and it is
independent of the impedance of the electrically short
tower.
As in the case of tall towers, we can express the
undisturbed current io(h, t) in Eqs. (21) and (22) in terms
of the current that would be measured at the top of the
tower, i(h, t), for which experimental data are usually
available. These two currents can be related through [19]
iðh; tÞ ¼ ð1þ rchgÞioðh; tÞ. (23)
Inserting Eq. (23) into Eqs. (21) and (22) yields
Efarz r; t þ
r
c
 
ﬃ  v
2poc2r
1þ ðc=vÞrch2g
1þ rch2g
i h; tð Þ
 h
2poc2r
qi h; tð Þ
qt
, ð24Þ
H farj r; t þ
r
c
 
ﬃ v
2pcr
1þ ðc=vÞrch2g
1þ rch2g
i h; tð Þ
þ h
2pcr
qi h; tð Þ
qt
. ð25Þ
The far electric and magnetic ﬁelds associated with
lightning strikes to electrically short structures include two
terms. The ﬁrst one, which is proportional to the
undisturbed current, represents the contribution of the
channel, while, the second one, which depends on the
current derivative, represents the contribution of the strike
object.
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ground level
Note that setting h ¼ 0 in (24) and (25) we can obtain a
generalized form of Eqs. (1) and (2) for return strokes
initiated at ground level, in which the reﬂections at ground
level are taken into account,
Efarz r; t þ
r
c
 
ﬃ  v
2poc2r
1þ ðc=vÞrch2g
1þ rch2g
i 0; tð Þ, (26)
H farj r; t þ
r
c
 
ﬃ v
2pcr
1þ ðc=vÞrch2g
1þ rch2g
i 0; tð Þ. (27)
In terms of the peak amplitudes of the current and the
ﬁelds (for t ¼ tf), (26) and (27) read
Ez peak ¼ 
v
2poc2r
kIpeak, (28)
Hj peak ¼
v
2pcr
kIpeak, (29)
where k is given by
k ¼ 1þ ðc=vÞrch2g
1þ rch2g
. (30)0
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Fig. 2. Variation of the enhancement factor k as a function of the
reﬂection coefﬁcient rch–g and the return stroke speed v.
Table 1
Summary of far electric ﬁeld–current relationships for TL model for different
Case
Ground initiated (classical TL model)
Tall towers, tfo2h/c
Electrically short structures, tfbh=c
Ground initiated, taking into account reﬂection coefﬁcient at groundIn terms of impedances, (30) can be written as
k ¼ Zchð1þ ðc=vÞÞ þ Zgð1 ðc=vÞÞ
2Zch
. (31)
Eqs. (28) and (29) will reduce to (11) and (12),
respectively, when the reﬂection coefﬁcient rch–g equals 0
or, equivalently, when Zch ¼ Zg. This consideration, that
rch–g equals 0, implies that no current reﬂections will occur
between the lightning channel and the ground, as assumed
implicitly in the classical TL model. Thus, (28) and (29) can
be considered as extended forms of (11) and (12) for return
strokes initiated at ground level, in which the reﬂections at
ground are incorporated in the TL model.
Eqs. (28) and (29) can be employed to ﬁnd the return
stroke electric and magnetic ﬁeld peak amplitudes asso-
ciated with lightning impacting the ground. These equa-
tions take into account the impedance discontinuity
between the lightning channel and the grounding impe-
dance. Comparing Eqs. (28) and (29) with Eqs. (11) and
(12), we can see that including the grounding condition will
result in an enhancement of far ﬁelds, which is quantiﬁed
through the factor k. This enhancement factor k is
generally much smaller than the factor associated with tall
towers ktall. Indeed, considering the ideal case when the
grounding impedance is 0 and the return stroke speed
v ¼ c/2, the enhancement factor k is equal to 1.5 (for the
same speed ktall43, see Fig. 1).
Fig. 2 presents the variation of the enhancement factor k
as a function of rch–g and the return stroke speed.
Table 1 summarizes the expressions relating the far ﬁeld
and the current for the different considered cases.
5. Comparison
Fig. 3 presents the results of comparison between the
various expressions in Table 1. Note that, for the case of an
electrically short structure, the peak value of the far ﬁeld
depends not only on the peak value of the current, but also
on its derivative. However, in a ﬁrst approach for the
calculation of the ﬁeld peak, the term involving the current
derivative can be neglected and the case of electrically short
towers becomes similar to the case of a ground-initiated
return stroke, considering the reﬂection at ground level.
The calculations in Fig. 3 are obtained considering
rt ¼ 0.37, rch–g ¼ 0.66, and v ¼ 1.2
 108m/s. A similar
ﬁgure can be obtained for the magnetic ﬁeld using the far-considered cases
Far ﬁeld-current relation
Efarz ðr; t þ r=cÞ ¼  v2poc2r ið0; tÞ
Efarz=ðr; t þ r=cÞ ¼  v2poc2r
1þð12rtÞc=v
1rt iðh; tÞ
Efarz r; t þ rc
 ﬃ  v
2poc2r
1þðc=vÞrch2g
1þrch2g ið0; tÞ 
h
2poc2r
qið0;tÞ
qt
Efarz Y ; t þ Yc
 ﬃ  v
2poc2r
1þðc=vÞrch2g
1þrch2g ið0; tÞ
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in free space (E/H ¼ Zo).
It can be seen that the presence of a tall tower enhances
considerably the radiated ﬁelds. Also, possible reﬂections
at ground level would increase, but to a lesser degree, the
radiated ﬁelds.
6. Conclusions
The derived expressions show that, for tall structures
satisfying the condition tfo2h=c, the ﬁeld enhancement
relative to a return stroke initiated at ground level
according to the classical TL model is expressed through
a factor equal to ktall ¼ ½1þ ðc=vÞð1 2rtÞ=ð1 rtÞ, where
v and c are the return stroke front speed and the speed of
light in vacuum, respectively, and rt is the top reﬂection
coefﬁcient. Since the top reﬂection coefﬁcient rt is typically
negative, lightning strikes to tall towers can result in a
signiﬁcant enhancement of the radiated electromagnetic
ﬁeld, which can be a few times larger than the ﬁeld radiated
by a similar return stroke but initiated at ground level. For
very short towers and/or very slow return stroke current
wavefronts, when condition tfbh=c applies, expressions
relating the far electromagnetic ﬁeld and the return stroke
current were also derived. For the case of return strokes
initiated at ground level (h ¼ 0), the derived expressions
represent a generalization of Eqs. (1) and (2), in which
grounding conditions are taken into account. In this case,
the ﬁeld enhancement relative to a return stroke initiated
at ground level (according to the classical TL model)
is expressed through a factor equal to kshort ¼
ð1þ ðc=vÞrch2gÞ=ð1þ rch2gÞ, where rch–g represents the
reﬂection coefﬁcient between the lightning channel and
the grounding impedance.
The presented results are based on the TL model for the
return stroke. However, in a recent study [22], Pavanelloet al. have shown that the early-time response of the
electromagnetic ﬁelds radiated by lightning strikes to
elevated strike objects is nearly independent of the return
stroke model. Therefore, the derived expressions for tower-
initiated strikes can also be considered as applicable for
other engineering models.Acknowledgments
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